The identification of new electrosynthetic pathways enables environmentally friendly synthetic applications.
Introduction
Electroorganic synthesis is a promising modern synthetic tool and has attracted much attention. This is because electroorganic reactions not only represent a cost-efficient and sustainable "green chemistry" method, but more importantly, they provide outstanding selectivity and reactivity, allowing the formation of products that are sometimes not accessible via conventional methods.
1 However, the insufficient number of reaction types when compared with traditional organic reactions has restricted the widespread application of electrosynthesis.
Screening approaches have become the mainstay of discovery processes to identify new reactions. The establishment of efficient electrochemical reaction screening platforms is crucial for nding new electrosynthetic reactions. The general approach of electrochemical screening is based on the combinatorial measurement of cyclic voltammetry in microtiter plates or multichannel potentiostats, 2 which could only provide electroanalytical data without structural information about the intermediates and nal products involved. In addition, the electrolysis time required for each vial to reach complete conversion is long, making the whole screening method very time-consuming.
1c Galvanostatic electrosynthetic screening was developed with the advantages of high efficiency and simple setup, 3 but challenges of this method include extra analytical characterization steps needed to evaluate the reaction and large reagent consumption. Therefore, the development of a novel electrosynthetic screening method that could provide rapid results and accurate molecular information is necessary.
Mass spectrometry (MS) has the capacity to provide both qualitative and quantitative information on chemical substances.
4 Although MS could be used to analyze products from off-line electrochemical cells, online reaction screening coupled with in situ MS will greatly expedite the discovery of new reaction pathways. Electrospray ionization (ESI) is not only an extensively applied ion source, but it has also been characterized as a controlled-current electrochemical cell, where redox chemistry occurs upon the application of direct current (DC) voltage to an analyte solution.
5 However, no such approach has been developed or demonstrated for online electroorganic synthetic reaction screening; this is in part due to the low electrolysis efficiency owing to the dynamic nature of the system with high ow rates and ultralow electrical current. Some attempts were made to design special electrochemical cells coupled with an ESI MS to improve the electrolytic efficiency, but the necessity of an extra electrochemical system and relatively large sample consumption still present a challenge.
In the present study, we adapted and validated a simple nano-electrospray ionization (nESI) MS setup as a reactor/ion source integrated platform for the online screening and studying of electrochemical reactions (Fig. 1a) . The electrochemical reactions occur in the glass capillary of the nESI emitter aer applying a DC voltage and could be monitored in real time by MS. The features and advantages of this screening method are as follows: (1) the real-time MS monitoring capabilities provide qualitative and quantitative analysis, which offer a more convenient way to discover new reaction pathways; (2) the high sensitivity of nESI MS enables lower sample consumption on the order of picomolar levels. This ultralow amount also allows rapid product conversions (few minutes) under the nanoampere ($150 nA) electric current reaction condition; (3) the ultra-low ow rate ($100 nL min À1 ) offers extended reagent dwelling time, in a controllable manner, to obtain the desirable conversion yield, which is not available in traditional ESI; and (4) the accurate molecular information facilitates the study of the underlying mechanism of reaction pathways. By using this nESI MS setup, we observed the electrooxidative conversions of different amines within a few minutes.
The matched results of bulk reactions in an undivided electrolytic cell indicated the potential of this nESI MS apparatus as a direct and rapid screening platform for electrochemical transformations. With this screening platform, we discovered a new electrooxidative C-N coupling reaction from 8-methyl-1,2,3,4-tetrahydroquinoline, and TEMPO (2,2,6,6-tetramethyl-1-piperidine N-oxyl)-mediated electrooxidative dehydrogenation of 1,2,3,4-tetrahydroisoquinolines. These conversions were all validated by bulk reactions in the undivided electrolytic cell. Furthermore, this real-time MS method enabled the capture of radical cations and intermediates involved in the electrochemical reactions and provided direct evidence for the reaction mechanism.
Results and discussion
Design and validation of the reaction screening platform
The electrooxidation reaction screening platform employing nESI MS is shown in Fig. 1a and S1. † This nESI MS system could be considered as a controlled-current electrochemical cell consisting of two electrodes where the platinum electrode inside the nESI capillary acts as an anode and locus of oxidation reactions in positive ionization mode. The narrow capillary would facilitate the mass transfer of the reactants to the surface of electrodes that could expedite the reactions. The ultra-low ow rate (ca. 100 nL min À1 ) of nESI could also provide sufficient dwelling time for electrooxidation, which is benecial for the conversion of compounds having relatively low reactivity. This MS detection method allowed both the qualitative and quantitative assessment of reaction progress. Like previous studies, the reaction progress was quantitatively evaluated by the parameter of the relative ion intensity (RI), 4h,7 which is measured as the intensity of a specic ion (reactant or product) relative to the sum of intensities of the product, reactant and intermediates derived from this reactant. Platinum wire is used in this study because it is inert and durable (Fig. S2 †) . Furthermore, a traditional undivided electrolytic cell was created by using a DC power supply with two Pt electrodes as the anode and cathode (Fig. 1b) to test the feasibility of extending the screened small-scale reactions to a larger-scale synthesis.
To validate the utility of this method, we rst tested known electrochemical reactions (Fig. 1c) with the proposed screening platform. Electrooxidative reactions of amines like N,N-dimethylaniline (DMA), 4g aniline 8 and larger molecule b-carboline(9H-pyrido [3,4-b] indole) were studied. As shown in Fig. 1d and e, aer applying DC voltage, nESI-MS analysis of DMA solution produced the predominant peak of protonated 1 at m/z 122 at the onset of the spray (i.e., 0 min). However, the relative intensity of this reactant ion decreased quickly with time, whereas the ion at m/z 241 corresponding to the expected dehydrodimerization product of N,N,N 0 ,N 0 -tetramethylbenzidine (TMB) increased, which means the electrooxidative reaction indeed happened in this nESI process. The relative intensity of the product ion increased from 6% at 0 min to 78% at 1.5 min (Fig. 1e ), which indicated a rapid conversion. Similarly, electrooxidative C-N oligomerization of aniline was studied using the nESI MS setup, and the results are shown in . S3 in the ESI. † Initially, only the peak corresponding to protonated aniline at m/z 94 was observed. Then pronated dehydrodimeric intermediate (5, m/z 183) and dehydrotrimeric product (6, m/z 274) appeared aer continuous application of the DC voltage for 1 min. We observed that the applied DC voltage has an inuence on the electrochemical conversion of aniline in nESI. At a voltage of 1 kV, the relative intensities of the dimeric intermediate and trimeric product are relatively low (13% and 3%). However, when the voltage was increased to 2 kV, the relative intensity of intermediates and products increased dramatically to 19% and 27%, respectively. The continuous increase of the voltage to 3 kV didn't enhance the relative intensity of the intermediate (25%) and product (31%) signi-cantly compared with 2 kV. In addition, the position of the Pt electrode inside the capillary also inuenced the conversion of aniline (Fig. S4 †) . The obvious intermediates and product could be observed when the distance of the electrode from the capillary tip was kept at 2 mm. However, neither the intermediates nor the expected product could be detected when the electrode was pulled inwards with a concomitant increase of the distances to 4 mm and 6 mm.
Unlike the oligomerization of aromatic amines, the electrosynthesis of N,N-linkage compounds through oxidative coupling is very rare.
1d The N,N dehydrodimerization of b-carboline has been reported to occur by anodic oxidation.
9 Here, we also tested this reaction by nESI MS with tetraethylammonium perchloride as a supporting electrolyte. The expected product of N,N-dehydrodimerization was observed at m/z 335, corresponding to bis-b-carboline, albeit with small yields (Fig. S5 †) . The RI increased from 5% at 2 min to 10% at 5 min. This low conversion ratio of the product may be attributed to the relatively low reactivity of this compound, but the ability to reproduce this uncommon electrooxidative pathway validates the nESI MS approach.
To investigate if these reaction pathways match the results from bulk-phase reactions, all three reactions were performed on the undivided electrolytic cell (40 mA), and the reaction mixture was subsequently analyzed by a non-electrical sonic spray MS method to avoid any electrooxidation during detection. For the dehydrodimerization of DMA, the product ion of TMB at m/z 241 was observed and became evident (RI 22%) aer 10 min of electrooxidation; the RI of the product ion reached 86% aer 2 h reaction time ( Fig. S6 and S7 †) . Likewise, the dehydrodimer and dehydrotrimer of aniline were also found in the bulk reaction ( Fig. S8 and S9 †) , in which the RI of the trimeric product reached 25% and 77% at 30 min and 2 h, respectively. Interestingly, the ion signal corresponding to the dehydrodimer was very low in the electrolytic cell reaction, which suggests that a longer reaction time enabled the conversion from dehydrodimer to dehydrotrimer. For N,Ndehydrodimerization of b-carboline, the relatively low reaction rate was also observed in the bulk electrolytic cell. The RI of product 8 was detected at 8% yield aer continuous electrooxidation for 3 h (Fig. S10c †) . However, the RI of 8 increased dramatically to 85% aer 30 h (Fig. S10d †) . Collectively, the electrooxidative products of these selected reactions achieved using the nESI MS method are consistent with the scale-up synthesis in the undivided electrolytic cells, which indicated that this electrospray-based method could potentially be used as an electrosynthetic reaction screening platform to identify new reactions.
Comparing the results from the nESI MS screening method with those from the traditional undivided electrolytic cell revealed twofold advantages in favor of the nESI MS platform, which include rapid conversion rates and ultra-low sample consumption. For example, the relative intensity of the oxidative product TMB reaches 78% at only 1.5 min in the nESI MS setup (Fig. 1e) compared with a similar conversion ratio of 86% achieved aer 2 h reaction time in the undivided electrolytic cell (Fig. S6f †) . This represents approximately 80 times enhancement in reaction rate. Similarly, neither the intermediates nor the product could be detected within 5 min of electrochemical reaction of b-carboline in the undivided electrolytic cell (Fig. S11 †) . In contrast, evident conversion from b-carboline to bis-b-carboline was achieved in 5 min when the same concentration of reagents were reacted on the nESI mass spectrometric reaction platform (4%, Fig. S11c †) . This conversion ratio is comparable to a 1.5 h reaction on the traditional electrolytic cell (4.5%, Fig. S10b †) , representing approximately 18 times rate improvement in the nESI MS method for this challenging transformation. The rate of electrode reaction in solution generally relates to the current density and mass transport efficiency.
10 The current density in the nESI (ca. 1.2 mA cm À2 ) is much less than the current density in the traditional electrolytic cell (ca. 0.1 A cm À2 ). But the absolute amount of reactant in the capillary of the nESI is about 2-3 orders of magnitude lower than that in the electrolytic cell. This may allow a higher product/reactant ratio in the nESI capillary for a comparable conversion rate in the traditional electrolytic cell. However, this effect may not fully account for the faster reaction rates recorded in the nESI capillary. A more important factor may relate to the mass transfer rate. 11 Compared with the large volume (1.5 mL) of reaction solution in the electrolytic cell, the minuscule volume (<10 mL) of reactant solution in the smaller capillary (I.D. ¼ 0.86 mm) is expected to facilitate efficient transfer of the reactant from the solution to the electrode surface due to the short diffusion distance and large surface-to-volume ratio.
10b,c
We investigated this possibility by employing two different sizes of glass capillaries (0.86 and 0.5 mm, I.D.) in the nESI. Using the electrooxidation of b-carbolines, the reactions rates recorded from the 0.5 mm glass capillary were about three times higher than those in our typical 0.86 mm capillary at the same reaction time of 5 min (Fig. S12 †) . We ascribed this increased conversion rate to more efficient mass transport in the smaller capillary. This unique feature found in the nESI MS approach enabled the rapid discovery and screening of new electrooxidative reactions.
The discovery and study of C-N dehydrodimerization of 8-methyl-1,2,3,4-tetrahydroquinoline To apply the proposed method for the identication of new reactions, we rst studied the electrochemical reaction of the heterocyclic compound 8-methyl-1,2,3,4-tetrahydroquinoline (9, Fig. 2a) as a proof-of-concept. This reaction was selected because the construction of larger quinoline scaffolds is important for the development of new drugs. Quinoline-based anticancer drugs have a strong position in modern medicinal chemistry.
12 As shown in Fig. 2b , the protonated 9 at m/z 148 was the predominant peak at the beginning (0 min) of the spray process, aer which new peaks at m/z 291 and 292 appeared when the DC voltage was continuously applied for 2 min. As an aromatic amine derivative, the dehydrodimerization of 9 is expected. Thus the peak at m/z 292 should be ascribed to the radical cation intermediate of the dehydrodimer (13) . Interestingly, further dehydrogenations occurred to give products 14 (m/z 291) and 16 (m/z 289), which involved the removal of two and four hydrogen atoms, respectively. The successful capture of the important radical cation intermediate of 12 at m/z 293 provided more evidence for proposing the possible reaction mechanism in Fig. 2a . This reaction was also investigated at the same reagent conditions except that the Pt electrode was replaced with an Ag electrode (Fig. S13 †) . The intermediates 12, 13, 14 and 15, and the nal product 16 were not observed when the DC voltage was continuously applied for 2 min. The production of characteristic isotopic peaks [Ag(CH 3 To further conrm and validate this reaction pathway, the electrochemical reaction of 9 was performed using the undivided electrolytic cell. A similar MS pattern of products peaks was observed when 9 was subjected to electrooxidation for 2 h (Fig. S14b †) , i.e. the corresponding intermediates 12, 13, and 14/ 15 and nal product 16 were formed. Note that a comparable conversion ratio in the nESI setup requires only 2 min, representing a >60 times increase in reaction speed. The intermediates further transformed into the nal product 16 (RI 86%) when the reaction time was increased to 24 h (Fig. S14c †) . The recorded 1 H NMR, 13 C NMR (Fig. S15 and S16 †) and high resolution MS data further conrmed the special dehydrodimer structure of 16. Based on the above results, the proposed mechanism for the electrooxidation of 9 is summarized in Fig. 2a . First, anodic oxidation ionized 9 via the removal of a single electron to yield radical cation 10. Tautomerization of intermediate 10 into 11 allows the formation of dehydrodimer cation intermediate 12 (m/z 293). A proton-coupled electron transfer reaction yields radical cation intermediate 13 (m/z 292). Then, dehydrogenation of 13 forms 14 (m/z 291) and an energetically equal tautomer, 15.
13 Subsequently, the oxidative removal of two more hydrogen atoms leads to the formation of the nal product, 16 (m/z 289). It is interesting to note that this product is a quinoline derivative, rather than a simple dehydrodimer or oligomer like other aromatic amines. This reaction provided a new route for the synthesis of the quinoline structure in a single step. The consistency of the reactivity and products observed for the nESI MS platform and the undivided electrolytic cell indicate the feasibility of using this method to screen other electrosynthetic reactions.
The discovery and study of TEMPO-mediated electrooxidative dehydrogenation of tetrahydroisoquinolines To further extend the application of this screening platform, we investigated the reaction of tetrahydroisoquinolines and expected a new conversion pathway. The oxidative dehydrogenation of amine to imine with good selectivity has been achieved by various metal catalytic and photocatalytic pathways.
14 However, the study of this transformation with the cleaner Fig. 2 (a) The conversion and proposed mechanism for the electrochemical oxidation of 8-methyl-1,2,3,4-tetrahydroquinoline (9) . (b and c) nESI MS spectra of 9 at the times (b) 0 min and (c) 2 min. The peaks at m/z 148, 289, 291, 292 and 293 correspond to compounds 9 (MW 147 g mol , respectively. The reaction was conducted with 9 (10 mM) in acetonitrile. (Fig. 3) because the corresponding dehydroaromatization products are prevalent in pharmaceuticals, agrochemicals, and functional organic materials. 16 With the DC voltage applied on the reaction system inside the nESI capillary, the dehydrogenation products were indeed observed at m/z 132 (18) with an RI of 18% aer 5 min (Fig. 3b) . Nevertheless, the 4-methoxyphenyl-substituted 1,2, 3,4-tetrahydroisoquinoline (19) (Fig. S17 and S18 †) exhibited a much faster dehydrogenation rate (Fig. S19b and c †) . The RI of product 20 was calculated to be 45% at 0.1 min (Fig. S19b †) , which reached 80% in only 0.5 min (Fig. S19c †) . Consistent results were also recorded from using the undivided electrolytic cell .
Given that a faster reaction rate would be more meaningful in chemical synthesis, we further explored the possibility of accelerating this new dehydrogenation pathway. As an efficient hydrogen abstraction reagent, 2,2,6,6-tetramethylpiperidinyl-1-oxy (TEMPO) has been used broadly as an electrocatalyst for alcohol oxidation, 17 and we wondered whether it could be applied in the dehydrogenation of amines. Herein, TEMPO was introduced into this electrooxidative dehydrogenation reaction, and different reaction conditions were investigated using the nESI MS platform in detail. The reactions were conducted with TEMPO only and both TEMPO (10% mol) and DC applied. As can be seen from the results (Fig. 3b , and S20d-f and S21d-f †), TEMPO itself could not dehydrogenate these 1,2,3,4-tetrahydroisoquinolines (17/19). However, dehydrogenation reactions proceeded rapidly once electricity was applied. The products, 3,4-dihydroisoquinoline (18) at m/z 132 and 2-(4-methoxyphenyl) -3,4-dihydroisoquinolinium (20) at m/z 238, were clearly observed with higher reaction rates when compared to the systems with applied DC voltage without TEMPO (Fig. 3b and S19 †). The RI of 18 increased to 66% at 5 min, which is about 3 times more than the yield recorded without TEMPO (Fig. 3b) . This acceleration is also obvious for 19. The RI of product 20 even reached 90% within 0.1 min, which represents a 2 times increase compare to that without TEMPO (Fig. S19 †) . These results imply that TEMPO acts cooperatively in the presence of applied DC potential to accelerate these dehydrogenation reactions. Expectedly, the results obtained from undivided electrolytic cells are consistent with the reaction pathways screened from our nESI MS electrooxidation platform (Fig. S20 and S21 †) . The same products of 18 and 20 and acceleration effects were observed with TEMPO. The RIs of 18 and 20 were about 4 and 1.5 times higher than those without TEMPO aer 30 min of electrooxidation.
1 H NMR of products 18
and 20 further conrmed the structures and this new transformation ( Fig. S22 and S23 †) . Again, a new TEMPO-mediated electrooxidative dehydrogenation reaction of 1,2,3,4-tetrahydroisoquinolines has been discovered by using this nESI MS electrochemical screening platform and validated by the scaleup synthesis in electrolytic cells. The results indicate that the introduction of TEMPO could greatly accelerate this oxidative dehydrogenation reaction.
Studies of the reaction mechanism of TEMPO-mediated electrooxidative dehydrogenation
As mentioned above, one of the advantages of this nESI MS platform is the convenience for mechanism study. Therefore, we further investigated the possible mechanism of this TEMPOmediated reaction using this platform. TEMPO is known to be oxidized to a more oxidative TEMPO + form by electrochemical oxidation, which is in turn reduced by a reductant to form TMEPOH. 18 Both species (TEMPO + and TEMPOH) were detected at m/z 156 and m/z 158 in the dehydrogenation reaction of 1,2,3,4-tetrahydroisoquinolines ( Fig. 4a and S24 †) . The successful capture of these two key intermediates implies that the observed accelerated dehydrogenation reaction is TEMPOmediated (Fig. 4b) . In this case, TEMPO was oxidized at the anode to form reactive TEMPO + , which then oxidizes 1,2,3,4-tetrahydroisoquinolines to produce the imine products, accompanied by the reduction of TEMPO + to TEMPOH. This reaction proceeds with a catalytic amount of TEMPO (10 mol%) implying that TEMPO was regenerated from TEMPOH at the anode by electrooxidation. As a whole, the above results of the discovery and study of the new electrochemical reactions demonstrated the unique advantages of the proposed integrated nESI MS platform. The rapid conversion in less than a few minutes could greatly save time and increase opportunities to discover new pathways, especially for reactants with low reactivity that need longer reaction times in traditional electrolytic cell. In addition, this nESI MS approach enables the real time observation of the reaction progress. This could prevent the escape of unexpected intermediates during interspersed sampling from electrolytic cells because some key intermediates for elucidating the reaction mechanism may disappear over short time periods.
Conclusions
In conclusion, by using the simple nESI MS apparatus, we have established a picomole-scale real-time electrooxidation screening platform for amines. The platform exhibits high efficiency and rapid electrosynthetic reaction screening capabilities. New chemical transformations such as the C-N dimerization and dehydrogenation of 8-methyl-1,2,3,4-tetrahydroquinoline and TEMPO-mediated electrocatalytic oxidative dehydrogenation of 1,2,3,4-tetrahydroisoquinoline and 2-(4-methoxyphenyl)-1,2,3,4-tetrahydroisoquinoline were discovered, and the corresponding intermediates were captured on this platform in real time. More importantly, the scale-up reactions conrm that these new pathways can be implemented under the traditional undivided electrolytic cell reaction conditions. The integration of the electrochemical reaction with nESI may be limited by the inability to independently optimize some reaction conditions. However, this integrated setup provided a rapid reaction screening platform to discover new electrochemical reaction pathways. Aer the verication of the feasibility of new reactions using this convenient and highly efficient platform, the individual reaction conditions could be optimized thereaer by other means. We believe that this platform may nd more applications in the discovery and study of novel electrosynthetic reactions.
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